has an open reading frame of 1611 bp encoding a putative polypeptide of 536 amino acids. Analysis of the encoded polypeptide predicted a molecular mass of 56.2 kDa, a cellulose binding module (CBM) and a catalytic module. In order to obtain the mRNA of cbhB, total RNA was extracted from A. niger cells induced by 1% Avicel. First strand cDNA was synthesized from total RNA via reverse transcription. The full length cDNA of cbhB was amplified by PCR and cloned into the cloning vector, pGEM-T Easy. A comparison between genomic DNA and cDNA sequences of cbhB revealed that the gene is intronless. Upon the removal of the signal peptide, the cDNA of cbhB was cloned into the expression vector pET-32b. However, the recombinant CbhB was expressed in Escherichia coli Origami DE3 as an insoluble protein. A homology model of CbhB predicted the presence of nine disulfide bonds in the protein structure which may have contributed to the improper folding of the protein and thus, resulting in inclusion bodies in E. coli.
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INTRODUCTION
Malaysia produces a large quantity of lignocellulosic biomass from agricultural waste, forest residues and municipal solid waste. The conversion of lignocellulosic waste into bio-fuel is desirable since it helps to conserve the environment and serves as a renewable energy source [1] . Lignocellulosic biomass contains about 40-50% of cellulose with 10-25% of lignin and 20-30% of hemicelluloses, respectively. The cellulose content is hydrolyzed by cellulases into sugars for bio-fuel production.
Cellobiohydrolases (EC 3.2.1.91) are essential components in the fungal cellulase enzyme system composed of β-glucosidases, endoglucanases and cellobiohydrolases [2] . Due to its ability to breakdown highly crystalline cellulosic substrates, cellobiohydrolases are indispensable components for lignocellulosic biomass hydrolysis [3] . Aspergillus spp. has been commonly used in the commercial cellulase production as the source organism since it exhibits strong hydrolytic activity towards cellulose [4] . One of the most common species of the genus Aspergillus, Aspergillus niger, has been mainly used for production of β-glucosidases and endoglucanases but limited information is available on the production of cellobiohydrolases [5] . Hence, it is interesting and challenging to work on the recombinant expression and characterization of cellobiohydrolases originated from A. niger.
On the other hand, one major bottleneck in commercial biomass conversion is due to the cost of enzymes [6] . It is therefore important to produce cellulases in large quantities for economically feasible in industrial application. Escherichia coli is well-established as a microbial cell factory and has become the most popular expression platform for high-level proteins production [7] . Therefore, the cDNA encoding a cellobiohydrolase from A. niger was isolated, cloned, and expressed in E. coli for further studies.
MATERIALS AND METHODS
Total RNA Extraction and cDNA Synthesis
Total RNA of A. niger ATCC10574 was extracted from cells grown in 1% Avicel using TRIzol® reagent according to the manufacturer's instruction (Invitrogen, USA). Total RNA was used as template for the synthesis of first strand cDNA using Superscript III First Strand cDNA Synthesis (Invitrogen, USA).
PCR Amplification of cbhB and Molecular Cloning into pGEM-T Easy
Using specific primers (C1: 5'-GTGCGGTGATTGATAAGA -3', C2: 5'-TGGTTGATTGGGTTCG -3'), the first strand cDNA was amplified by Polymerase Chain Reaction (PCR). The amplified cDNA was cloned into pGEM-T Easy cloning vector (Promega, USA). E. coli DH5α competent cells were then transformed with the cloned vector using heat shock method [8] . Restriction enzyme analysis, PCR analysis and DNA sequencing were carried out to confirm presence of the desired gene in the cloning vector.
Recombinant Expression of CbhB
To express the cellobiohydrolase gene, pET-32b (Novagen, USA) was chosen as the expression vector. The insert was released from the cloning vector by using restriction enzymes BamHI and HindIII. The plasmid pET-32b expression vector was linearized by the same restriction enzymes and ligated with the insert containing the cDNA encoding cellobiohydrolase using T4 DNA ligase (Promega, USA). Subsequently, expression host E. coli Origami DE3 cells was transformed with recombinant pET-32b expression vectors. Transformants were screened by PCR analysis, restriction enzyme analysis and DNA sequencing. The expression of recombinant cellobiohydrolase was induced by the presence of isopropyl β-D-1-thiogalactopyranoside (IPTG) ranging from 0.01 mM to 1 mM. Positive transformants were cultured in the Luria Bertani medium (LB) containing ampicillin (100 μg/mL), kanamycin (15 μg/mL) and tetracycline (12 μg/mL).Induced bacterial culture was centrifuged, and bacterial pellets were lysed with 1 mL of Bugbuster reagent (Novagen, USA) in the presence of 1 L Lysonase (Novagen, USA). SDS-PAGE and Western blot were carried out to screen for the expression of recombinant cellobiohydrolase B (CbhB).
Homology Modeling of CbhB
Protein homology modeling was performed using the SWISS-MODEL software on Automated Mode (http://swissmodel.expasy.org/) with the coordinates of the cellobiohydrolase from Talaromyces emersonii (PDB: 1Q9H_A) as the template. The stereochemical properties of obtained protein model were validated using RAMPAGE server (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php) [9] .
RESULTS AND DISCUSSION
Sequence Alignment of cbhB Genomic and cDNA Sequences
The cDNA of cbhB gene from A. niger ATCC10574 was cloned in this study and the sequence was compared to similar gene from A. niger strain ATCC1015 as the reference strain with gene sequence available at the Joint Genome Institute (JGI) A. niger Genome Database (http://genome.jgi-psf.org/Aspni5/Aspni5.home.html). The cbhB cDNA has a length of 1611 bp and was deposited in the GenBank (https://www.ncbi.nlm.nih.gov/genbank) with an accession number of KR052992. Comparison of the cbhB DNA sequence from isolate ATCC10574 and the reference strain ATCC1015 indicates that there are five nucleotide differences, in which two results in amino acid substitution from serine to phenyalanine. Comparison between genomic DNA and cDNA of cbhB reveals that the gene is intronless.
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CbhB Sequence Analysis
The protein sequence encodes a polypeptide of 536 amino acids with a predicted pI value of 4.09 and molecular weight at 56.2 kDa. Protein domain analyses via InterProScan (http://www.ebi.ac.uk/Tools/pfa/iprscan/) indicated that the CbhB contains conserved domains belonging to glycosyl hydrolase family 7. A conserved signal peptide sequence of 21 amino acids (MSSFQIYRAALLLSILATANA) was identified at the N-terminal end of the protein.
CbhB also contains a cellulose binding module of family 1 (CBM), which is similar to the one in the well-studied cellobiohydrolase I (CbhI) of Trichoderma reesei. Teeri et al. [10] showed that the removal of CBM from individual cellulases reduces the hydrolytic activity of the catalytic module on insoluble, crystalline substrates such as microcrystalline cellulose (Avicel), cotton, and filter paper, whereas their activity on soluble or amorphous cellulose remains largely unaffected. In addition, CBMs have been suggested to facilitate cellulose hydrolysis by physically disrupting the structure of the fibrous cellulosic network and releasing small and soluble sugar units from the crystalline substrates [11] . CbhB is chosen in this study partly due to the presence of CBM, since it is more promising to be used in the hydrolysis of lignocellulosic biomass that mainly consists of insoluble, crystalline cellulose.
Recombinant Expression of CbhB
The pET-32b expression vector carrying cDNA of cbhB was constructed and designated as CbhB_pET-32b. Primer linkers containing BamHI and HindIII restriction sites were used to amplify the cDNA of cbhB with the signal peptide removed. The amplicon was successfully cloned into pET-32b without any mutations. CbhB_pET-32b was transformed into E. coli Origami DE3. Positive transformants were confirmed by restriction enzyme analysis and DNA sequencing.
Recombinant CbhB was expressed in E. coli Origami DE3 using IPTG as the inducer. The expected size of recombinant CbhB is 73.3kDa due to the addition of Trx tag in the expression vector. Different combinations of parameter including temperature (20 o C, 28 o C, 37 o C) and IPTG concentration (0.01 mM, 0.05 mM, 0.10 mM, 0.50 mM and 1.00 mM) were applied to optimize the expression of the recombinant CbhB. However, the recombinant CbhB was expressed as an insoluble protein (Fig. 1) . Western blot confirmed that the band observed in SDS-PAGE was the recombinant CbhB (Fig. 2) . 
Homology Modeling of CbhB
A homology model of recombinant CbhB was obtained using T. emersonii CbhI as the template (PDB: 1Q9H_A), which shares a 70.46% amino acid sequence similarity to CbhB. The modeled structure of protein was evaluated with Ramachandran plot and fulfilled the criterion of proper distribution of residues in different regions [12] . 94.5% and 4.6% of the residues were present in favored and allowed regions, respectively. (Fig. 3a) The predicted 3D structure of the protein indicated that there are nine disulfide linkages formed in between 18 cysteine residues (Fig. 3b) . The presence of nine disulfide bonds may contribute to the improper folding of the protein and thus, resulting in inclusion bodies in E. coli. 
CONCLUSION
The cDNA of a cellobiohydrolase (cbhB) from A. niger was isolated, cloned, and expressed in E. coli. However, it was produced as insoluble bodies probably due to the presence of nine disulfide bonds as predicted by homology modeling. Therefore, recombinant expression using a eukaryotic organism may be feasible to overcome problems encountered in E. coli.
